Abstract: The paper proposed a two dimensional (2D) electrical conductivity model based on the solid state plasma concentration distribution model. The results indicated that the imaginary part of the electrical conductivity is more sensitive to the electromagnetic signal frequency than the real part. And the real part is mainly effected by the internal properties of the solid state plasma. Finally, a smart solid state plasma dipole antenna is designed to test the effect of the imaginary part of the electrical conductivity on the radiation characteristics of the antenna. Plasma dipole antenna has also been compared with metal dipole antenna, the results show that the plasma antenna is entirely possible to replace the metal antenna.
Introduction
Silicon-based solid state plasma antenna based on silicon surface PiN (SPiN) device is characterized by many unique advantages, which will have a very broad application prospects in the future wireless communication [1, 2, 3] . As a basic radiation unit, SPiN device plays an important role in the solid state plasma antenna. In such a semiconductor device, when activated, the solid state plasma with high concentration is formed in the intrinsic region (I-region), so the plasma will appear to be of metal-like characteristic due to fairly high electrical conductivity [4, 5] .
The electrical conductivity as a crucial parameter in the study of plasma transport properties is of fundamental importance to the design of the plasma antenna. So far, in the antenna's simulation, the two-dimensional distribution of the electrical conductivity within the I-region is considered as uniform [6, 7] , but the electrical conductivity as a function of plasma concentration must be nonuniform. Moreover, the electrical conductivity will turn into a complex under alternating electric field when an electromagnetic signal is incident on the solid state plasma and which will affect the radiation characteristics of the antenna [8] . However, the reports on the imaginary part of the electrical conductivity have been rare.
In this paper, an effective model for electrical conductivity based on the 2D solid state plasma concentration distribution model and Drude's model is developed. The variation trend of the real and imaginary part of the electrical conductivity with the parameters such as average solid state plasma concentration, electromagnetic signal frequency and relaxation time have been discussed. And the effect of the imaginary part on the radiation characteristics of the antenna has been tested.
2 Two dimensional model of the electrical conductivity 2.1 Two dimensional concentration distribution model of solid state plasma Under steady-state conditions, the solid state plasma concentration will form a steady distribution in the I-region. Let us consider the length direction is X-axis and the depth direction is Y-axis, as shown in Fig. 1 . The concentration distribution of the plasma in the SPiN along X-axis is presented in Fig. 2 . In order to simplify the model and highlight its physical meaning, it is essential to make the following assumptions:
(1) The SPiN devices works at the high-level injection condition; (2) Quasi neutral condition (nðx; yÞ ¼ pðx; yÞ) at each point is valid within the I-region; (3) Supposing that the transport of the carriers diffuse along the X-axis firstly, then, setting the X-axis as a starting point, diffuse along the Y-axis.
At the high-injection condition, when the 'plasma' condition exists within the I-region, the excess solid state plasma concentration exceeds the base doping level by several orders of magnitude, the assumption (3) where D a is the ambipolar diffusion coefficient given by
L and T are the I-region length and the depth, respectively. In steady-state forward bias operation, at a given depth y, the plasma concentration along the X-axis has a distribution of catenary form with just two exponential basis functions [10] . However, at a given x, the plasma concentration presents an exponential decay along the Y-axis. General solutions are shown in Eq. (3):
where L a is the diffusion length given by
, A, B and C are arbitrary constants determined by boundary conditions at the Pi, Ni junctions and the surface concentration of the SPiN device.
The Fletcher boundary conditions which can be used in any junction [11] are used to determine the coefficients A and B. It is worth stressing that the Fletcher boundary condition is more accurate than the Shockley boundary condition at the high-level injection.
The equilibrium concentration of plasma at the interface x ¼ x p is shown by Fletcher boundary condition to be:
where
where m op and m oi are equilibrium majority plasma concentration in the P + region and I-region. V Pi and V D1 is the applied forward bias voltage drop and the barrier potential of the junction, respectively. We assume that all impurities are ionized completely, then m op and m oi can be simplified as:
However,
Thus, nðx p Þ is given as:
where n ieff is the effective intrinsic carrier concentration of the P + region under the consideration of the narrowing effect of the bandgap, n i is the intrinsic carrier concentration of the I-region. N A , N d and N D denote doping concentration of P + region, I-region and N + region, respectively.
Similarly, the plasma concentration at the interface x ¼ x n by the Fletcher can be simplified as:
where 2 ¼ expðqðV Ni À V D2 Þ=kTÞ, V Ni and V D2 is the applied forward bias voltage drop and barrier potential of the Ni junction, respectively. According to the assumption (3), the boundary conditions for Eq. (3) can be written as
Substituting the boundary conditions Eq. (8), Eq. (9) and Eq. (10) into the Eq. (3), the coefficients A, B and C can be obtained as:
Therefore, the 2D concentration distribution model of the solid state plasma within the I-region can be written as:
where V Pi and V Ni can be obtained by the current continuity equation J n ðx p Þ % 0 and J p ðx n Þ % 0, which are given by:
2.2 Two dimensional electrical conductivity model of the solid state plasma Electrical conductivity is a critical parameter in the research on the radiation character of the silicon-based solid state plasma antenna. The influence of conduction band charge carriers on the propagation of electromagnetic waves is characterized by a complex electrical conductivity ·, where the real part ( r ) is the displacement current density and the imaginary part ( i ) is the conduction current density.
At the high-level injection, the solid state plasma is dictated by the presence of both electrons and holes in the I-region, consequently, the electrical conductivity is calculated using the relationship [12] ðx; yÞ ¼ nðx; yÞe
where t is the relaxation time, ½ is electromagnetic signal angular frequency, m Ã cn and m Ã cp is the conductivity effective mass of the electrons and holes, respectively. Hence, the real and imaginary parts of electrical conductivity can be written as
where The relative permittivity of the solid state plasma is also a complex, which can be expressed by the real and imaginary part of electrical conductivity,
where " s is the contribution to the relative dielectric constant of the bound electrons (for silicon, " s ¼ 11:7). Therefore, the loss tangent is given by
The loss tangent tan is a function of imaginary parts of electrical conductivity and electromagnetic signal angular frequency when the average solid state plasma concentration is considered to be a constant. Because that the real part of relative permittivity and electrical conductivity is mainly affected by the inner properties of the solid state plasma.
Results and discussion

The simulation of the solid state plasma concentration model
The 2D solid state plasma concentration distribution model is validated by comparing the model prediction of different sets of parameters with the TCAD simulation results. In the simulation, the bandgap narrow model and recombination model are used. Regarding mobility model, we have used carrier-carrier scattering and doping dependent model with high field saturation models. All simulations assumed at a temperature of 300 K.
The solid state plasma concentration distribution model is first tested on a SPiN At a given depth Y ¼ 2 um, the transverse (X-axis direction) plasma distribution was illustrated in Fig. 3(a) , the largest holes and electrons concentration in the I-region occur at its boundaries. The lowest plasma concentration is not located the center of the X-axis due to the mobility difference of the electrons and holes. However, at a given point X ¼ 60 um, the transport of the plasma along the Y-axis presents exponential decay, which is shown in Fig. 3(b) . The largest plasma concentration occurs at the surface of the I-region. Fig. 3(c) presents the 2D concentration distribution of the solid state plasma within the I-region. The comparison of the model and TCAD simulation result is presented and good agreements are clearly observed. Furthermore, the results also coincide with the information published [8]. The transverse (X-axis direction) and longitudinal (Y-axis direction) concentration distribution of the solid state plasma for the different doping level of the I-region is presented in Fig. 5(a) and Fig. 5(b) , respectively. The results show that the solid state plasma concentration will decrease when the doping level of the I-region increase. That is because the plasma density is proportional to the minority carrier concentration within the I-region, the higher the I-region doping, the lower the minority concentration and the plasma density. Good agreements between the model predication and TCAD results are obtained.
The simulation of the electrical conductivity model
To assess the two dimensional electrical conductivity distribution and the trend of the electrical conductivity with the average solid state plasma concentration (n), electromagnetic signal frequency (f ) and the relaxation time (t), some MATLAB scripts were written using the proposed electrical conductivity model.
The real part and the imaginary part of the electrical conductivity distribution within the I-region at f ¼ 10 11 Hz and t ¼ 10 À13 s is shown in Fig. 6 . It is clear to note that both the real and the imaginary part of the electrical conductivity show the same regularities of distribution, just the value of the real part is greater than that of the imaginary part. Moreover, due to a linear relationship between the electrical conductivity and concentration at a given f and t, the 2D distribution of the electrical conductivity both on the real and imaginary parts are similar to the solid state plasma concentration distribution within the I-region. The variation trend of the real and imaginary part of the electrical conductivity with the average plasma concentration (n) and electromagnetic signal frequency (f ) is shown in Fig. 7 at a given relaxation time t ¼ 10 À13 s. It is shown that the real and imaginary part of electrical conductivity both increase with the increasing average plasma concentration. But the real part keeps constant, when the imaginary part increases with the increasing electromagnetic signal frequency. Therefore, we can conclude that changes of electromagnetic signal frequency mainly affect the imaginary part of the electrical conductivity, but which has little effect on the real part.
The variation trend of the real and imaginary part of the electrical conductivity with the average solid state plasma concentration (n) and relaxation time (t) is shown in Fig. 8 at a given electromagnetic signal frequency f ¼ 10 11 Hz. The results show that both the real and imaginary part of the electrical conductivity increases with the increasing of the plasma concentration, but decrease with the increasing of the relaxation time.
3.3 The effect of the imaginary part of the electrical conductivity on the antenna Based on the simulation results of the model above, we can conclude that the real part of the electrical conductivity is mainly affected by the internal properties of the solid state plasma, such as concentration and relaxation time, but the imaginary part of the electrical conductivity is influenced by both the internal properties and the electromagnetic signal frequency. Therefore, we can verify the imaginary part of the electrical conductivity has an effect on the radiation characteristics of the antenna by the loss tangent tan which is obtained through changing the electromagnetic signal frequency.
A smart silicon-based solid state plasma dipole and reference metal dipole were fabricated, and the average solid state plasma concentration in the I-region for the SPiN device is 1 Â 10 18 cm −3 , so the real part of the electrical conductivity and relative permittivity is r ¼ 29717 S/m and " r ¼ À520, respectively. The variation of the imaginary part and loss tangent tan versus electromagnetic signal frequency is shown in Table I . And the characteristics of the antenna are plotted in Fig. 9 . It can be seen from the Table I that the loss tangent tan as a function of the imaginary part of the electrical conductivity ( i ) and electromagnetic signal frequency (f ) is decreasing with the increasing i and f. The Fig. 9(a) and Fig. 9(b) show that the radiation efficiency and maximum gain of the antenna is better if the loss tangent tan is lower. And if the dipole antenna is made of metal, the radiation efficiency is 92.63% and maximum gain 2.16 dB; if it was made out of a highly doped silicon SPiN array with average plasma concentration n ¼ 10 18 cm −3 will lead to an efficiency 83.3% and maximum gain 1.48 dB. Therefore, solid state plasma antenna appears to be a good candidate for the metal antenna.
Conclusions
A two dimensional electrical conductivity distribution model was proposed in this paper. The distribution of the real and imaginary part of electrical conductivity as a linear function of concentration is nonuniform in the I-region. And the imaginary part is more sensitive to the electromagnetic signal frequency than the real part, which will increase with the increasing electromagnetic signal frequency. Finally, the effect of the imaginary part on the plasma antenna has been studied by the loss tangent tan which is a function of imaginary part and signal frequency at a given average plasma concentration. Plasma dipole antenna has also been compared with metal dipole antenna, which make the plasma antenna instead of the metal antenna is possible. The proposed models can provide an effective reference for the design of the solid state plasma antenna.
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